Magnetoplasma Sail (MPS) is one of the next generation in-space propulsion systems that utilize the interaction between the solar wind and the magnetosphere around a spacecraft inflated by the plasma injection. In order to evaluate the thrust characteristics of MPS with plasma injection, the thrust measurement of a scale-model MPS (10-100 N class) was conducted in the laboratory using a pendulum-type thrust stand. The thrust was observed to increase by plasma injection, from 0.04 N to 0.1 N. The thrust gain, the ratio between the thrust with plasma injection and the thrust without plasma injection, was 2.5 (maximum thrust gain). The thrust gain of MPS was observed to increase with increasing the k value at the plasma injection point, and to our knowledge, the thrust increase by plasma injection of MPS was observed for the first time in this study.
Introduction
Several types of In-Space propulsion systems are proposed for their use in sufficiently reducing costs and travels time. Of specific interest in this field is the potential thrust capacity of the MagnetoPlasma Sail (MPS) utilizing the solar wind energy. MPS provides a large blocking area by creating artificial magnetic field to deflect the charged solar wind particles (Fig.1) . This region in which charged particles are deflected is called a magnetosphere. MPS enables spacecraft to travel through space by converting the solar wind momentum into the momentum of the spacecraft by the interaction between the solar wind and the inflated magnetosphere by the plasma injection ( Fig.1) . In this paper, we discuss the thrust characteristics of MPS. The thrust of MPS is formulated as
where F is the thrust of MPS, C d is the thrust coefficient, 1/2 sw u sw 2 is the dynamic pressure of the solar wind and S is the blocking area of magnetosphere. We assume that the blocking area of the magnetosphere, S, is estimated as S= L 2 , where L is the magnetospheric size as the distance from the coil center to the magnetopause as shown Fig.1 . The thrust of MPS strongly depends on the magnetic moment M of the coil, because the magnetospheric size is proportional to M 1/6 , where M= 0 nJr c and r c is the radius of the coil. To increase thrust performance, the large magnetic moment which is either a large size coil or a high current coil is required. Generally, the coil size is limited by a size of rocket fairing. The size limitation of the coil is 4 m by the H-IIA rocket as an example. A superconducting coil for use in MPS had been proposed as a deep space explorer by the previous study 3) . In this coil ( 3.5 m in diameter, 5000 turns, 200 A), the magnetic moment is M=12.1 Tm 3 , the magnetospheric size L is about 300 m, and the thrust of the MPS is estimated as 3 N by Eq. (1). This performance using only this coil is insufficient for deep space exploration. Alternatively, the thrust could be increased by expanding the magnetosphere by plasma injection, which is an idea first proposed by Winglee 2) , called magnetosphere inflation. The important issue of MPS is a thrust increase by the plasma injection. In MPS study, we aim to increase the magnetospheric size to several kilometers as well as increase the thrust to 100 mN by magnetosphere inflation.
In the previous study, the thrust transfer process was clarified by magnetohydrodynamic (MHD) simulation, and some numerical simulations were carried out for the understanding of thrust performance on the plasma injection
. However, the numerical simulations do not include all physical phenomena and/or the wide scale simulation. It is important to clarify the thrust characteristics and principles of MPS by way of laboratory experiment including all the physical phenomena. While the magnetosphere inflation experiment was previously conducted 8) -9) , no other work has experimentally measured the thrust of MPS with plasma injection. In this study, experimentally demonstration of thrust increase by the plasma injection is conducted, and the thrust characteristics are experimentally clarified.
Scaling Law
The laboratory experiment was designed such that the plasma flow follows the similarity law of MPS in space. We use following scale parameters of the magnetosphere (listed in Table 1 ): the ion Mach number, the ratio between the ion Larmor radius and the magnetospheric size r Li /L, the ratio between skin depth and the magnetospheric size /L, and Magnetic Reynolds number Rm. These parameters are obtained for typical solar wind plasma (u sw =400 km/s, n sw =5×10 6 m -3 and T i~1 0 eV). Each scale parameter of MPS is required as follows:
The required performance of the simulated solar wind is that n e >3x10 17 m -3 and u sw >20 km/s 10) . In the MPS laboratory simulation, r Li /L can be achieved within a range, 0.1<r Li /L<2, simulated for the magnetospheric size class of 10-100 km and thrust class of 10-100 N. In the laboratory, the collision effect is inevitable such that Rm~10 is small compared to that observed in space, Rm~10 8 . The hybrid PIC simulation conducted by Kajimura 11) included an ion-neutral collision, and it was reported that the thrust of MPS in the laboratory is undervalued compared to that of collision less plasmas in space.
The scaling law of the magnetosphere inflation is shown as follows, from the simple one-dimension model:
where L MPS is the magnetospheric size with the plasma injection, L Mag is the magnetospheric size without the plasma injection, n is the multiplier factor of the magnetic field distribution, k0 is k value at the injection point and k value is ratio of the dynamic pressure of the injection plasma to the magnetic pressure. P 0 is the dynamic pressure of the injection plasma at the injection point and P sw is the dynamic pressure of the solar wind. The development of Eq. (5) is shown in the appendix. The magnetosphere inflation rate depends on k0 1/2 P 0 /P sw , according to Eq. (5). Given by the scaling law of the magnetosphere, a high dynamic pressure is required to simulate the solar wind in the laboratory (P sw =10 Pa, whereas in space, P sw =10 -9 Pa). Therefore, k0 1/2 P 0 /P sw is about 10-10 2 in this experiment, whereas in space, k0 1/2 P 0 /P sw is about 10 7 -10 9 . It is predicted that the magnetosphere inflation rate is only 1-2 in the laboratory. In this work, we show by way of a laboratory experiment that the magnetosphere inflation and the thrust increase by plasma injection. We investigate the thrust characteristic within a realizable experimental condition in the laboratory, and use this result to predict the thrust on a space scale.
Experimental Setup and Condition
The experimental setup for this study consists of a vacuum chamber (diameter: 2 m; length: 3 m), a solar wind simulator (SWS), a Magnetoplasma Sail Simulator (MPSS), a Pulse Forming Network (PFN), a gas supply system, and the measuring system (Fig. 2) . A large test section (> 1000 mm in diameter), high density (>3×10 17 m -3 ) and high velocity (>20 km/s) are required for the solar wind simulator. We employ the triple quasi-steady MPD arcjet as the solar wind simulator 12) . The triple MPD arcjet is mounted on a flange of the vacuum chamber, each one located at equal intervals on the circumference 350 mm in diameter. The discharge chamber of the MPD arcjet has an inner diameter of 50 mm and a length of 100 mm. The arcjet itself consists of eight azimuthally-located molybdenum anode rods (diameter: 8 mm; length: 70 mm) and a short thoriated tungsten cathode rod (diameter: 20 mm) surrounded by an annular floating body and insulators. The electrodes are operable over range from low current discharge to erosive high current discharge. The MPSS consists of the solenoid coil (the 76-mm-diameter and 20-turn) and two Mini-MPD arcjets for the magnetosphere inflation. The schematic of the MPSS is shown in Fig.3 . Two Mini-MPD arcjets are positioned inside the solenoid coil and the plasma jet flows in the vertical direction of the coil. The MPSS is located at the 1250 mm from the SWS, and is fixed on the thrust stand. The Mini-MPD arcjet consists of copper anode (24 mm in diameter), a thoriated tungsten cathode rod 11 mm in diameter, both pieces surrounded by insulators. Two Mini-MPD arcjets can operate equally and simultaneously by splitting resistance between them. The simulator operation requires high input electricity, supplied from the PFN that operates in a 1 ms, quasi-steady mode. A high-speed mini solenoid valve allowed us to feed gaseous propellants in a rectangular waveform into the SWS and the Mini-MPD arcjet. The valve opens and closes to allow the gas in the reservoir to flow through choked orifices 3 mm in diameter. The mass Pb_48 flow rate of the hydrogen gas was controlled by adjusting the reservoir pressures, thus obtaining gas pulse of about 5 ms, and flow rate of 0.1 g/s. Operation conditions and typicalvalues for the MPS thrust measurements are listed in Table 2 . k0_inf is the ratio between the plasma dynamic pressure and the magnetic pressure at the injection point, and r Li_inf /L is the ratio between the ion Larmor radius at the plasma injection point and the magnetospheric size. The plasma parameters of the simulated solar wind are obtained by taking measurements at a distance of 1250 mm from the discharge chamber. The plasma parameter of the Mini-MPD arcjet for the magnetosphere inflation (measuring position is 70 mm from the outlet of the Mini-MPD arcjet) is in the highest dynamic pressure condition. The conditions of the SWS and the Mini-MPD arcjet are fixed, and the thrust measurement experiment is conducted for 3 conditions of the discharge current of the coil. More than twice the magnetosphere inflation was measured by the previous magnetosphere inflation experiments, M=2.2 10 -5 Tm 3 . All non-dimensional parameters presented here were estimated by extrapolating the results between 70 mm to 200 mm from the outlet of the Mini-MPD arcjet.
A typical snapshot of the MPS thrust measurement is shown in Fig.4 . The simulated solar wind comes from the left side. The triple MPD arcjet produced flat plasma jets more than 1200 mm 12) . The MPSS was fixed on the thrust stand (Fig. 4) . The plasma jet for the magnetosphere inflation was situated equally in upper and lower sides of the coil.
Thrust Measurement Method
The pendulum type thrust stand was employed for thrust measurement of MPS ( Fig.2 and Fig.4) . The thrust stand consists of a concave aluminum bar, a terminal block to connect the coil and the Mini-MPD arcjet and the target aluminum board to reflect the laser. The stand is 1 m long and is suspended by 4 stainless wires. The stand swings in the direction of thrust generation, and its displacement is measured by a laser displacement censor (KEYENCE LK-G500). The thrust of MPS is generated by blocking the solar wind, thus it is necessary to make the blocking area of the thrust stand as small as possible. Displacement waveforms of the thrust stand in each operation mode were observed (Fig.5) . The discharge occurred at 0 sec and the cycle length of the pendulum is about 1.5 sec, adequately longer than the MPS discharge time of 1 ms. The thrust stand is swung by the impulse at the operation of the MPS, and the pendulum and displacement sensor combined were calibrated with impulses of known magnitude that were applied to the coil. The largest displacement of SWS+Coil+Mini-MPD mode was about 0.2 mm from an impulse of 0.001 Ns. The impulse of the SWS+Coil+Mini-MPD mode consists of the following components;
The impulse by the thrust of MPS The impulse by the thrust stand blocking neutral gas The impulse by the thrust stand blocking plasma flow The impulse by the discharge noise of the coil The impulse by the discharge noise of the Mini-MPD In this study, the thrust of MPS was estimated as follows: (6) where (F t) MPS is the impulse by the thrust of MPS and (F t) total is the impulse of SWS+Coil+Mini-MPD mode containing all of the components discussed above. (F t) SW+inf is the impulse of SWS+Mini-MPD mode, and it contains both the impulse by blocking the neutral gas and plasma flow and the impulse by the discharge of the Mini-MPD arcjet. (F t) Coil is the impulse of Coil mode, and it is corresponding to the impulse of the discharge noise of the coil. The thrust obtained by Eq. (6) by the discharge noise of the coil is very small (Fig. 5) . From this condition, the difference between the impulse of SWS+Coil+Mini-MPD arcjet mode and the impulse of SWS+Mini-MPD arcjet is approximately the impulse by the thrust of MPS. In this study, the thrust of MPS without plasma injection was estimated as follows:
where (F t) Mag is the impulse of MPS without the plasma injection, (F t) SW+Coil is the impulse of SWS+Coil and (F t) SW is the impulse of SWS mode. The thrust of MPS with and without plasma injection is obtained by the operation time as follows
The operation time of each simulator, t, is defined as 0.8 ms (steady state).
Experimental Results
The thrust measurement of MPS for various magnetic moments is shown in Fig. 6 . In the thrust measurement result without the plasma injection, it was confirmed that the thrust is increased when the magnetic moment of the coils is increased, and this characteristic is qualitatively correct. However, the results from the laboratory experiment exhibited values much smaller than those theoretically predicted. These differences are caused by the collision effects as described in section 2. The error bars on the thrust measurements with plasma injections are larger than the error bars on the thrust measurements without the plasma injection, likely owing to the addition of the discharge noise by the Mini-MPD arcjet. The thrust increase is measured at M=2.7×10 -5 Tm 3 , M=7.1×10 -5 Tm 3 and M=1.5×10 -4 Tm 3 . The thrust gain, the ratio between the thrust with plasma injection and the thrust without plasma injection, for various k0_inf is shown in Fig. 7 . The thrust gain is increased with increasing k0_inf , to a maximum thrust gain of 2.5 (r Li_inf /L=0.032 and k0 =0.17). We observed from these results that the thrust of MPS was increased with plasma injection, and to our knowledge, this result has not been previously shown by experiment. The peak thrust gain under the condition of high k0_inf are 0.5, as was reported by the hybrid PIC simulation of MPS 14) . In order to optimize the operation condition, the thrust experiment of higher k condition is required. In contrast, the thrust with the plasma injection at k0_inf = 0.0025 and is smaller than the thrust without the plasma injection, and thus shows that the thrust is decreased by the plasma injection. The thrust gain has been estimated to approach unity asymptotically under the condition of low k since the limit of k0~0 corresponds to the condition of no plasma injection, and such result is obtained by numerical analysis. The phenomenon decreasing thrust under conditions of low k0 could be due the nature of the magnetopause current being essentially cancelled out from induced current as generated by the injection plasma. The (1) is obtained by a fitted curve to numerical simulation results 13) . All data are averaged five shots. Standard deviation of each shot is included in the error bar. clarification of the cause of this phenomenon is a subject for further research.
From Eq.(5), the magnetosphere inflation rate depends on the non-dimensional parameter k0 1/2 P 0 /P sw . The relation between k0 1/2 P 0 /P sw and the thrust gain is shown in Fig. 8 . The thrust gain is increased when k0 1/2 P 0 /P sw increases and this characteristic is qualitatively correct in this parameter range. In this experimental condition, k0 1/2 P 0 /P sw is about 10 2 , and by the other scale parameters, this parameter is limited to 10-1000 in a laboratory experiment. In contrast, k0 1/2 P 0 /P sw is 10 7 -10 9 in outer space, because the dynamic pressure of the Relation between thrust gain and scale parameter of magnetosphere inflation. The dash curve is the theoretical line estimated by Eq. (1) 7 , the result in the condition of the largest thrust gain in this study is equivalent to increasing the magnetospheric size and the thrust from L=56 km F=15 N, respectively, to L = 250 km (4.3 times) and F = 410 N (27 times). However, from the numerical simulation, the thrust of MPS becomes 0 by high k value injection plasma, for example, the thrust of MPS by the hybrid PIC simulation becomes 0 at k ~10 14) 15) . If both P sw and the coil current are constant and P 0 is increased, k0 is 10 at k0 1/2 P 0 /P sw 5 10 5 . From this condition, the thrust gain is approximately 10, estimated by Eq.(5). However, in that case, it is numerically predicted that the thrust becomes 0. The thrust gain at k0 of 0.5 is expected to have a maximum thrust gain value by the numerical simulation. The predicted thrust gain is about 5 by Eq.(5) at k0 of 0.5.We hypothesize that this value is a result of limitations of the magnetosphere inflation from the plasma injection method. It seems that the scaling law of Eq.(1) and Eq. (5) is not applicable to the thrust of MPS under the condition of high k0 . Thus, it may be necessary to experiment with larger values of k0 1/2 P 0 /P sw and to clarify the application range of the scaling law. In this study, k0 1/2 P 0 /P sw is 10-10 2 and the largest value was found to be 0.17. It is expected that k0 =1 (r Li_inf /L~0.03 Rm~10, k0 1/2 P 0 /P sw ~10 3 ) will be achievable by the modifying existing experimental setups to accommodate larger dynamic pressures from the Mini-MPD arcjet and thus render the measurements with greater accuracy.
Conclusion
In this study, the thrust measurement of MPS with plasma injection was conducted, using a triplet MPD arcjet as the The maximum thrust gain, the ratio between the thrust with magnetosphere inflation and the thrust without magnetosphere inflation, is 2.5 (r Li_inf /L=0.032 and k =0.17). To our knowledge, these results present the first experimentally shown increases in the thrust of MPS with plasma injection.
Appendix
Derivation of Eq. (5) in this study is shown briefly. The magnetospheric size without the plasma injection is obtained as follows by the balancing of the dynamic pressure of the solar wind and the magnetic pressure. 
The ratio between Eq.(C) and Eq.(E) is the magnetosphere inflation rate as shown Eq.(F). 
